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(54) VARIABLE WAVELENGTH SHORT PULSE LIGHT GENERATING DEVICE AND METHOD 



(57) An object is to provide a compact apparatus 
and a method for generating wavdiength-tunable short 
optical pulees, which apparatus and method can change 
the wavelength of generated pulses without adjustment 
of an optical system and enables genemtlon of Ideal 
femtosecond soliton pulses. 

The apparatus includes a short-optical-pulse 
soun:e (1), an opticai characteristic regulation unit (2) 
for regulating characteristics of light output from the 



short-optical-pulse source (1), and an optical fiber (3) 
for receiving input pulses from the optical characteristic 
regulation unit (2) and lor changing the wavelength of 
output pulses linearly. Short optical pulses are input to 
the optical fiber, so that new solitori pulses are generat- 
ed In the optical fiber due to Its nonlinear effect. Further, 
the nonlinear effect enabies the wavelength of the 
soliton pulses to shift linearly in accordance with the in- 
tensity of Input light 
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Description 

TECHNICAL FIELD 

$ [0001] The present Invention relates to an apparatus and method for generating wavelength-tunable short optical 
pulses, and more particularly to an apparatus and method for generating wavelength-tunable short optical pulses on 
the order of femtosecond. 

BACKGROUND ART 

[0002] Until the present, generation of wavelength-tunable femtosecond optical pulses has been neelized by use of 
a dye laser or a solid state laser. However, these lasers are relatively large apparatuses which require a large number 
of optical elements. Further, In such lasers, precise adjustment of the optical system must be performed In order to 
adjust the wavelength of generated pulses and to realize stable operation. Moreover, the variable range of wavelength 
15 is only about a few tens of nanonfieters, whbh is not sulflcldntty wide. 

[0003] Recentlv, compact short-pulse lasers fomied from optical fibers have been realized. However, as disclosed 
In Japanese Patent Application Lald-Open (kokali No. 1 0^13827. conventional technical developments have attached 
1 mportance to a man ner of obtaining shorter optical pulses at a higher Intensity and havef ailed to change the wavelen gth 
of output optical pulses. 

so [0004] P. Beaud etaf. found that when short optical pulses are Input to an optical fiber, new optical pUises are gen- 
erated on the longer wavelength side [IEEE J. Quantum Electron., QE-23. p1 938 (1987)). 

DISCLOSURE OF THE INVENTION 

25 [0005] However, the paper of P. Beaud ef a/, does not discuss the possibility of changing the wavelength of optical 
pulses. Further, since the authors used an ordinary fiber which is not a polarization-maintaining type, the output varied 
with time, and the obtained spectrum did not have a neat shape. IVioreover, the efficiency of conversion from Input 
energy to newly geneirated optical pulses was as low as about 45%, which is unsatisfactory. 
[0008] Recently, parametric conversion usinga nonlinear crystal hasreceived a great deal of attention as atechnlque 

so for conversion of waveiength of light. However, this method requires a very high pump light Intensity. Further, since 
optica] elements such as a crystal and mirrors must be adjusted in order to change the wavelength, handling of the 
apparatus is not easy. 

[0007] An object of the present Invention is to soh^e the above-described problem and to p rovlde a compact apparatus 
and a method for generating wavelength-tunable short optical pulses, which apparatus and method can change the 
^ wavelength of generated pulses without adjustment of an optical system and enables generation of Ideal femtosecond 
sollton pulses. 

[0008] To achieve the above object, the present invention provides the following. 

[1] An apparatus for generating wavelength-tunable short optica! pulses, the apparatus comprising: a short-optical- 
^0 pulse source; an optical characteristic regulation unit for regulating characteristics of light output from the short- 
optlcal-puise source; and an optical fiber for receh^ing input pulses from the optical characteristic regulation unit 
and for changing the wavelength of output pulses linearly. 

[2]An apparatus for generating wavelength-tunable short optical pulses as described in [1] above, wherein the 
optbai characteristic regulation unit is a light Intensity regulation unit 
^ [3] An apparatus for generating waveiength-tunabie short optical pulses as described in [1] above, wherein the 
short-optical-puise source Is a femtosecond fiber laser. 

[4] An apparatus for generating wavelength-tunable short optical pulses as described In [1] above, wherein the 
short-optical-pulso source Is a picosecond fiber laser. 

[5] An apparatus for generating waveiength-tunabie short optical pulses as described in [1] above, wherein the 
so optical fiber is a polarization-maintaining fiber. 

[6] An apparatus for generating wavelength-tunable short optical pulses as described In [1] above, further com- 
prising a nonlinear crystal connected to the optical fiber in order to generate short optical pulses of a different 
wavelength. 

[7]An apparatus for generating wavelength-tunable short optical putees as described in [1] above, further compris- 
es ing four-wave mbdng means for further converting the wavelength of generated optical pulses. 

[8] An apparatus tor generating wavelength-tunable short optical pulses as described In [i] above, further com- 
prising an optical amplifier for amplifying optical pulses generated by the optical fiber. 
[9]An apparatus for generating waveiength-tunabie short optical pulses as described In [1] above, wherein the 



2 



EP 1118 904 A1 



output pulses are ideal sollton pulses. 

[10] An apparatus for generating wavelength-tunable short optical puiees as described In [2] above, further conn- 
prlslng means for electrically adjusting the light Intensity regulation unit In orderto control the wavelength of gen- 
erated optical pulses. 

5 [11] An apparatus for generating wavelength-tunable short optical pulses, the apparatus comprising: a short-opti- 

cal-pulse source; a light Intensity regulation unit tor regulating the Intensity of l^ht output from the short-optical- 
pulse source; and an optical fiber for receiving input pulses from the light intensity regulation unit and for changing 
the wavelength of output pulses linearly, wherein the short-optlcal-pubo source, the light Intensity regulation unit, 
and the optical fiber are assembled In the form of a portable apparatus. 

10 [l2]An apparatus for generating wavelength-tunable short optical pulses as described In [11] above, wherein the 
short-optlcal-pulse source Is a femtosecond fiber laser. 

[13] An apparatus for generating wavelength-tunable short optical pulses as described In [1 1 ] above, wherein the 
short-optlcal-pulse source Is a picosecond fiber laser. 

[14] A method for generating wavelength-tunable short optical pulses, the method comprising: regulating the In- 
IS tensity of light from a short-optlcal-pulse source; and inputting short pulses Into an optical fiber In orderto generate 
output pulses having a llnearty varied wavelength. 

[1S] A method for generating wavelength-tunable short optical puises as described In [14] above, wherein the 

wavelength of generated output pulses changed through a change In the length of the optical fiber. 

[lejAmethodforgeneratingwavelength-tunable short optical pulses as described In [14] above, wherein the output 
20 pulses are passed through a nonlinear crystal in orderto generate short optical pulses of a different wavelength. 

[17] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein the 

wavelength of generated optical pulses Is further converted by means of four-wave mixing. 

[18] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein optical 

pulses generated by the optical fiber are amplified by use of an optical amplifier. 
2S [19] A method for generating wavelength-tunable short optical pulses as described In [14] above, wherein ideal 

sollton pulses are generated as the output pulses. 

[20] A method tor generating vravelength-tunable short optical pulses as described in [1 4] aboye, wherein the light 
Intensity regulation unit Is adjusted electrically in order to control the wavelength of generated optical pulses. . 
[21 ] A method for generating wavelength-tunable short optical pulses as described in [1 4] above, wherein the pulse 
30 width, spectral width, and center wavelength of the sollton pulses are varied through changing the wavefomn and 
spectral width of the Input pulses. 

[22] A method for generating wavelength-tunable short optical pulses as described in [14] above, wherein the 
wavelength and spectrum of the sollton pulses are varied through changing the direction of polarization of the Input 
pulses. 

35 [23] A methodf or generating wavelength-tunable short optical pulses as disscrlbed In [14] above, wherein In addition 
to sollton pulses generated on the longer wavelength side, antl-Stokes pulses are generated on the shorter wave- 
length side as the output pulses. 

BRIEF DESCRIPTION OF THE DRAWINGS 

40 

[0009] 

FIG. 1 Is a schematic diagram of a wavelength-tunable short optical pulse generation apparatus according to a 
first embodiment of the present invention; 
45 FIG. 2 Is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus according 
to a second embodiment of the present Invention; 

FIG. 3 Is a graph relating to the second embodiment and showing results of measuring a epectmm of sollton puises 
at the output of an optical fiber; 

FIG. 4is agraph relatingto the second embodiment and showing variation In the center wavelength of aspectrum 
60 of sollton pulses with the intensity of light Input to the optical fiber; 

FIG. 5 is a graph relating to the second enrtoodlment and showing the relationship among optical fiber length, 
spectral width, and pulse width; 

FIG. 6 is a graph relating to the second embodiment and showing the relationship between fiber length and wave- 
length shift; 

55 FIG. 7 Is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus according 
to a third embodiment of the p resent Invention; 

FIG. 6 Is a graph showing the dependency on input light intensity of the center wavelength of the second hamionlc 
generated by the wavelength-tunable femtosecond sollton pulse generation applaratus according to the third em- 
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bodlment of tha present Invention: 

FIG. 9 Is a schematic diagram of a wide-band f emtosecond-solltoniDUlse generation apparatus which effects wave- 
length conversion through four-wave mixing, showing a fourth embodiment of the present Invention; 
FIG. 1 0 Is a graph showing the relationship botween the wavelengths and the frequencies of pump light, asollton 
5 pule, and an optical pulse generated through the four-wave mixing shown in FIG. 9; 

FIQ. 11 Is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus according 
to af ifth embodiment of the present Invention, which utilizes a small-diameter polarization-maintaining optical fiber; 
FIG. 1 2 is a graph relating to thef ifth embodiment and showing the spectrum of output light subjected to wavelength 
conversion; 

f 0 FIG. 1 3 Is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus according 
to a sixth embodiment ot the present Invention, which Is provided with a wave|ength controller, and 
FIG. 1 4 Is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus according 
to a seventh embodiment of the present invention, which is provided with a wavelength controller. 

w BEST MODE FOR CARRTING OUT THE INVENTION 

[001 01 Embodiments of the present invention virill now described In detail. 
[0011] First, a first embodiment of the present Invention will be described. 

[0012] FIG. 1 is a schematic diagram of a wavelength -tunable short optical pulse generation apparatus according 

sx> to the first embodiment of the.present invention. 

[0013] In FIG. 1 . reference numeral 1 denotes a shoft-optlcal-pulse source; 2 denotes an optical characteristic reg- 
ulation unit for regulating the characteristics of light output from the short-optlcal-pulse source 1 ; 3 denotes ar^ optical 
fiberfor receiving Input pulses from the optical characteristic regulation unlt2 and forchanging the wavelength of output 
pulses linearly; reference character R denotes a pump pulse; and S denotes a sollton pulse. 

2S [0014] As shown In FIG. 1 , the compact short-optical-pulse source (fiber laser) 1 capable of stably generating fem- 
tosecond optical pulses is used as a pump light source (short-optical-pulse source). The optical pulse output from the 
short-optlcal-pulse soun:e 1 is passed through the optical characteristic regulation unit 2, so the optical pulse Is regu- 
late to have desired optical characteristicis. Subsequently, the optical pulse is input to the optical fiber 3. When the 
optical fiber 3 is sufficiently long and the intensity of input light is sufficiently high, a new optical pulse is generated on 

so the longer wavelength side with respect to the Input pulse, due to stimulated Raman scattering. 

[0015] Due to self-phase modulation and sollton effect, which is the Interaction of wavelength dispersion, the new 
optical pulse gradually becomes an Ideal soliton pulse S whose pulse and spectral wavefomns assume a sech^ shape. 
• As the sollton pulse S propagates along the optical liber 3, the center of the spectmm of the sollton pulse S shifts 
toward the longer wavelength alde^ due to the Raman scattering effect. This effect Is called "sollton self frequency shift 

35 - sincethe degree of frequency shift changes depending on the length of the optical fiber 3 and the intensity of the 
Input optical pulse, the degree of frequency shift can be adjusted through changing the length of the optical fiber 3 and 
the Intensity of the input optical pulse. Particularly, the degree of frequency shift can be changed linearly through 
changing the intensity of the input optical pulse. 

[001 6] Next, there will be described a second embodiment In which the above-described wavelength-tunable short 
40 optical pulse generation apparatus is rendered more concrete. 

[0017] FIG. 2 is a schematic diagram of a wavelength<unable femtosecond sollton pulse generation apparatus ac- 
cording to the second embodiment of the present invention. 

[0018] In FIG. 2, reference numeral 11 denotes a femtosecond fiber lasen 12 denotes a light intensity regulation unit 
for regulating the Intensity of light output from the fiber laser 11 ; and 13 denotes a polarization maintaining optical fiber 
45 for receiving Input pulses from the light Intensity regulation unit and for changing the wavelength of output pulses 
linearty. Reference numeral 14 denotes an optical spectrum analyzen 15 denotes a pulse-width measurement unit; 
and 16 denotes an optical power meter. These are used to measure output pulees and do not serve as stmctural 
elements of the present invention . 

[OOld] The compact femtosecond fiber laser 11 capable of stably generating femtosecond optical pulses is used as 
so a pump light source. The optical pulse output from the femtosecond fiber laser 11 is passed through the light intensity 
regulation unit 12, so that the optical pulse Is regulated to have a desired Intensity. Subsequently, the optical pulse Is 
input to the polarization-maintaining optical fiber 13. The direction of polarization of the Input light is made parallel to 
the birefringent axis of the polarization-maintaining optical fiber 13. When the optical fiber 13 is sufficiently long and 
the Intensity of Input light Is sufficiently high, a new optical pulse is generated on the longer wavelength side with respect 
55 to the Input pulse, due to stimulated Raman scattering. 

[0020] Due to soliton effect, which is the interaction of self-phase modulation and wavelength dispersion, the new 
optical pulse gradually becomes an ideal soliton pulse S whose pulse and spectral wavefomns assume a sech^ shape. 
As the sollton pulse S propagates along the optical fiber 13, the center of the spectmm of the sollton pulse S shifts 
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toward the longer wavelength side due to the Raman scattering effect. This effect Is called "sollton self frequency shift 
" Since the degree of frequency shift changes depending on the length of the optical fiber 1 3 and the Intensity of the 
Input optical pulse^ the degree of frequency shift can be adjusted through changing the length of the optical fiber 13 
and the Intensity of the Input optical pulse, Partlcularty, the degree ot frequency shift can be changed linearly through 
5 changing the Intensity of the Input optical pulse. 

[0021 ] The femtosecond fiber laser 1 1 used In the present embodiment has the following specifications. 



(1) Mechanical specifications: 



10 


Size 


Laser Itself: 182 x 101 x 57 mm 






Controller: 249 x 305 x 72 mm 




Weight 


Laser Itself: 3.0 l<g 






Controller: 2.8 kg 



(2) Electrical Gpecificatlons: 

Power consumption (1 00 V, 0.63 A^ex)' ^ ^ W (average), 22 W (maximum) 

(3) Optical specifications: 

Center wavelength: 1659 nm 
Pulse width: 1 90 - 760 fs (variable) 

(used at 1 90 fs in the experiment 
Recurrence frequency: 48.9 MHz 
Average output: 11 .1 mW (at 760 fs)-36.1 mW (at 190 fs) 

(used at 36.1 mW In the experiment) 
Durability: Life of semiconductor laser: 2 years (replaceable) 

[0022] The fiber used in the experiment has the following speclficatlcns. 
Core diameter: 5.5 ± 0.5 |xm 

Optical loss: 2.6 dB/km (for light of 1550 nm wavelength) 
Length: 11 0 m, 75 m, 40 m 

[0023] FIG. 3 is a graph relating to the second embodiment and showing results of measuring a spectrum of soiiton 
pulses at the output of an optical fiber, in the measurement, optical pulses of 6.1 mW were input to a 75 m optical fiber, 
and the spectrum of generated soltton pulses was measured. 

[0024] As shown In FIG. 3, the spectmm of the pump pulse R Input to the optical fiber appears In the vicinity of 1558 
nm. The spectrum of the soliton pulse S appears In the vicinity of 1 650 nm, which is greatly shifted toward the longer 
wavelength side from the wavelength of 1558 nm. Further, as is understood from FIG. 3, the trace of the spectrum 
assumes a neat sech^ shape. The spectrum width is about 16 nm, and the pulse width is 180 fs. Further, even when 
the Intensity of the input light was Increased to thereby shift the spectrum, the neat sechZ-shaped trace of the spectrum 
was maintained. 

[0025] FIG. 4 is a graph relating to the second embodiment and showing, for each of 40 m, 75 m, and 110 m optical 
fibers, variation in the canter wavelength of a spectrum of soiiton pulses with the Intensity of light input to tha optical fiber. 
[0026] When the Intensity of the input light Is rendered greater than 2 mW, the center wavelength of the soiiton pulse 
Increases lineariy. The rate of shift of wavelength increases with fiber length. A maximum spectrum shift of about 150 
nm (center wavelength: 1 71 0 nm) was observed in the case of the 1 1 0 m fiber and in the case of the 75 m fiber. Further, 
through an Increase in the Intensity of the Input light and an increase in the fiber length, the wavelength of the soiiton 
pulse can be shifted up to about 2 (im. 

[0027] As is understoodfmm the above description forthe wavelength-tunable femtosecond soiiton pulse generation 
apparatus (see FIG. 2), since the apparatus consists of a compact fiber laser and an optical fiber having a length of a 
few tens to a few hundreds of meters, the overall apparatus is very compact and portable. That is, through integration 
of the optical fiber with the fiber laser, a portable optical putse generator can be realized. Further, the wavelength of 
the soiiton pulse can be varied linearly through a simple operation of changing the input light intensity. 
[0028] FIG. 5 Is a graph relating to the second embodiment and showing the relationship among opticai fiber length , 
spectral width, and putse width. 

[0029] As is apparent from FIG. 6, there Is observed a trend such that as the optical fiber length Increases, the pulse 
width decreases and the pulse width increases. When the optical fiber length is varied within the range of 40 to 110 
m, the spectral width changes from 15 to 1 8 nm, and the pulse width changes from 1 55 to 1 95 fs. Therefore, the pulse 
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width and spectral width of the sollton pulse can be varied through changing the length of the optical fitwr used In the 
wavelength-tunable short optical pulse generation apparatus (see FIG. 2). 

[0030] FIG. 6 Is a graph relating to the second embodiment and showing the relationship between fiber length and 
wavelength shtft. 

5 [00311 As Is apparent from FIG. 6, the degree of shift In wavelength Increases monotonously as the optical fiber 
length Increases. This Is because the wavelength shifts toward the longer wavelength side at an Increasing rate, due 
to soliton self frequency shift as the optical pulse propagates along the optical fiber. As described above, the wavelength 
of the sollton pulse can be varied through changing the length of the optical fiber. 
[0032] Next, a third embodiment of the present Invention will be described. 

10 [0033] FIG. 7 Is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus ac- 
cording to the third embodiment of the present Invention. Components which are the same as those In FIG. 2 are 
denoted by the same reference numerals, and repetition of their descriptions is omitted. 

[0034] There will now bo described an experiment in which the output light of the wavelength-tunable femtosecond 
sollton pulse generation apparatus described In the second embodiment Is passed through a nonlinear crystal 21 to 

f5 thereby generate a second hamnonic short pulse D of the sollton puise. 

[0035] Since the optical pulse generated at the wavelength -tunable femtosecond soliton puise generation apparatus 
has a pealc power of a few hundreds of W, as shown In FIG. 7, the second harmonic short pulse D can be generated 
through use of the nonlinear ciystal 21 . When output light from the polarization maintaining optical fiber 1 3 Is input to 
the nonlinear crystal 21 such as a KTP and the angle of the crystal is property adjusted, short optical pulses having a 

20 wavelength of 780 to 1 000 nm can be generated from sollton pulses S having a wavelength of 1 550 to 2000 nm. Upon 
changing the wavelength of the sollton pulse 8, the wavelength of the second hannonlc pulse D can be changed 
accordingly. 

[003q FIG. 8 Is a graph showing, for each of the 40 m , 75 m, and 1 1 0 m optical fibers, the dependency on Input light 
Intensity of the center wavelength of the second hamionic pulse generated by the wavelength-tunable femtosecond 

2s soliton pulse generation apparatus according to the third embodiment of the present Invention. 

[0037] Since the wavelength of the sollton pulse varies linearly through changing the Input light Intensity, the wave- 
length of the second harmonic short pulse shifts linearly. The greater the Input light Intensity, the greater the rate of 
shift, and the greater the optical fiber length, the greater the rate of shift. 
[0038] Next, a fourth embodiment of the present Invention will be described. 

30 [0039] FIG. 9 Is a schematic diagram of a wide-band temtosecond-sollton-pulse generation apparatus which effects 
wavelength conversion through four-wave mixing, showing the fourth embodiment of the present invention. 
[0040] As shown In FIG. 9. In addition to pump pulses from the light Intensl^ regulation unit 12. pump laser light 
output from a pump semiconductor laser (pump LD) 31 and having a different wavelength Is input to an optical fiber 
33 via a coupler 32. which assumes the form of, for example, a fiber coupler. 

35 [0041] As described above, each pump pulse R causes generation of a sollton pulse S on the longer wavelength 
side. This sollton pulse S and the pump laser light output from the pump laser (femtosecond fiber laser) 11 undergo 
four-wave mixing, so that a new optical pulse is generated at af raquency equal to the difference between the frequency 
of the sollton pulse S and that of the pump laser light, as well as at a frequency equal to the sum of the frequency of 
the sollton pulse S and that of the pump laser light. Optical pulses can be generated within the range of, for example, 

40 1230 to 1550 nm through changing the wavelengths of the soliton pulse and the pump laser light. 

[0042] FIG. 1 0 is a graph showing the relationship between the wavelengths and the frequencies of the pump light, 
the soliton pulse, and the optical pulse generated through the four-wave mixing. 

[0043] In the four^wave mixing, due to interaction of the light from the pump LD 31 and the sollton pulse, a new 
optical pulse is generated on both the shorter wavelength side and the longer wavelength side. When the frequency 
43 of the light from the pump LD 31 is represented by 0)0 and the frequency of the sollton pulse Is represented by <o1 . the 
frequencies of the generated optical pulses can be represented by 2cd0 • ©1 and 2<d1 - <dO, respectively. Since the 
efficiency of conversion to the longer wavelength side Is expected to be low due to the characteristics of the optical 
fiber, attention is paid to the optical pulse generated on the shorter wavelength side. 

[0044] Since the wavelength of the sollton pulse S can be varied within the range of 1 560 to 2000 nm, when the 
so wavelength of the light from the .pump LD 31 Is set to 1550 nm, the wavelength of the shorter wavelength pulse T 
generated on the shorter wavelength side can be varied within the range of 1230 to 1540 nm. Since the wavelength 
of the sollton pulse S varies linearty with the Intensity of input light, the wavelength of the output pulse obtained from 
four-wave mixing also varies linearly. Accordingly, the wavelength of the output pulse can be varied by the Input light 
Intensity. 

55 [0045] Next, a fifth embodiment of the present Invention will be described. 

[0046] FIG. 11 is a schematic diagram of a wavelength-tunable femtosecond soliton pulse generation apparatus 
according to the fifth embodiment of the present invention, which utilizes an optical fiber. 

[0047] In FIG. 11 , reference numeral 41 denotes a femtosecond fiber laser; 42 denotes a light Intensity regulation 
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unit for regulating the Intensity o1 light output trom the fiber laser 41 ; and 43 denotes an optical flberfor receiving Input 
pulses from the light intensity regulation unit 42 and for changing the wavelength ot output puises iineariy. Reference 
character R denotes a pump pulse; S denotes a sollton pulse (a Stokes pulse); and H denotes an antl-Stolces pulse. 
[00481 In the present Invention, as shown In FIG. 12, the antl-Stokes pulse H is generated on the shorter wavelength 

5 side, in addition to the sollton pulse S which is generated on the longer wavelength side as In the wavelength-tunable 
femtosecond sollton pulse generation apparatus according to the second embodiment. The wavelength of the anti- 
Stokes pulse H shifts toward the shorter wavelength side, which is contrary to the case of the sollton pulse S. When 
the wavelength of the sollton pulse shifts from 1 560 nm to 2000 nm, the wavelength of the anti-Stokes pulse H shifts 
from 1560 hm to 1280 nm. Combined use of the sollton pulse S and the and-Stokes pulse H enables realization of an 

10 optical pulse source capable of generating wavelength-tunable optical puises within a wkJe range of 1280 to 2000 nm. 
[0049]- Next, a sixth embodiment of the present Invention will be described. 

[00501 FIG. 13 Is a schemata diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus 

according to the sixth embodiment of ths present Invention, which Is provided with a wavelength controller. 

[00511 In FIG- reference numeral 51 denotes a femtosecond fiber laser; 52 denotes a light intensity regulation 

f5 unit for regulating the Intensity ot light output from the fiber laser 51; 53 denotes an optical branching unit; 54 denotes 
a light reception unit; 55 denotes a controller; and 56 denotes a polarization-maintaining optteal fiberfor receiving input 
pulses from the optteal branching unit 53 andfor changing the wavelength of output pulses iineariy. Reference character 
R denotes a pump pulse; and S denotes a sollton pulse (Stokes pulse). Reference numeral 14 denotes an optical 
spectrum analyzer; 15 denotes a pulse-wldth measurement unit; and 16 denotes an optical power meter. These are 

20 used to measure output pulses and do not serve as structural elements of the present Invention. 

[00521 Th® present embodiment Is a modification of the wavelength-tunable femtosecond sollton pulse generation 
apparatus of the second embodiment (see FIG. 2). The optical branching unit 63 branches a portion of output light 
output from the light Intensity regulation unit 52 In order to enable the light receptton unit 64 to monitor the Intensity of 
the output light on the basis of which the controller 55 adjusts the amount of transmitted light to a desired level to 

2$ thereby stably control the wavelength of the pulse output from the fiber 56. 
[00531 Next, a seven embodiment of the present invention will be described. 

[00541 FIG. 14 is a schematic diagram of a wavelength-tunable femtosecond sollton pulse generation apparatus 
according to the seventh embodiment of the present Invention, whteh Is provided with a wavelength controller. 
[00551 In FIG. 14. reference numeral 61 denotes a femtosecond fiber laser; 62 denoteis a light Intensity regulation 

30 unit for regulating the Intensity ot light output from the fiber laser 61 ; 63 denotes an optical branching unit; 64 denotes 
a light reception unit; 65 denotes a controller; 66 denotes an oscillator; and 67 denotes a polarization-maintaining 
optical fiber for receiving Input pulses from the optical branching unit 63 and for changing the wavelength of output 
pulses linearly. Reference character R denotes a pump pulse; and S denotes a sollton pulse (Stokes pulse). Reference 
numeral 14 denotes an optical spectmm analyzer; 15 denotes a pulse-wldth measurement unit; and 16 denotes an . 

ss optical power meter. These are used to measure output pulses and do not sen^e as structural elements of the present 
Invention. 

[00561 The present embodiment is a modification of the wavelength-tunable femtosecond sollton pulse generation 
apparatus of the second embodiment (see FIG. 2). The wavelength of the sollton pulse S can be changed periodically 
thro ugh modulating operation ofthe light Intensity regulation unit 62 at an art Itrary frequency. The modulation operation 
40 ofthe light Intensity regulation unit 62 enables realization of asoiiton pulse generator having a wavelength scan function. 
[00571 Next, an eighth embodiment of the present Invention will be described. 

[00581 In the eighth embodiment, the wavelength-tunable femtosecond sollton pulse generation apparatus of the 
second embodiment (see FIG. 2) Is modified such that the pulse and spectral widths of the optical pulse output from 
the femtosecond fiber laser can be adjusted in order to vary the pulse and spectral widths of the generated sollton 
45 pulse. A pulse having a narrow spectral wWth Is Impo rtant In measurement In which wavelength separation Is required. 
[00591 Next, a ninth embodiment of the present Invention will be described. 

[00601 In the. ninth embodiment, the wavelength-tunable femtosecond sollton pulse generation apparatus of any of 
the second through fourth embodiments Is modified such that a nonlinear amplifier such as a Raman optical amplifier 
is disposed at the output of the apparatus. In this case, a short optical pulse can be amplified without broadening the 
50 pulse width. Use of this technique enables amplification of a soliton pulse having a certain wavelength to an artJitrary 
levei without broadening the pulse width. 

[00811 Although a femtosecond fiber laser is used as a short-optlcai-pulse source, needless to say, the present 
Invention can be applied to cases in which a picosecond fiber laser Is used as a short-optical-pulse source. When a 
picosecond fiber laser is used, the following advantageous effects can be obtained. 
55 [00621 W^^n ^n optical fiber Is excited by picosecond pulses, the degree of shift in wavelength with change In input 
light intensity is smaller than that In the case of femtosecond pulses, which enables precise tuning of wavelength. Such 
precise tuning of the wavelength of optical pulses Is useful In the case In which precise wavelength adjustment is 
needed In applications such as spectroscopy and evaluation of devices for wavelength multiplex optical communk:a- 
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tlons. 

[00631 The present Invention provides the following effects, 

(1) A compact fiber laser capable of generating femtosecond pulses Is used as a light source; and a nonlinear 
effect of a polarlzatlonHnalntalntng fiber Is utilized. Therefore, wavelength can be varied linearly through a simple 
operation of changing the Intensity of pump light. Further, a compact, portable source for generating femtosecond 
pulses can be obtained. 

(2) A compact fiber laser capable of generating stable femtosecond pulses Is used as a light source; and a polar- 
ization-maintaining optical fiber having a length of a few tens to a few hundreds of meters and a small core cross 
section is provided in combination with a light Intensity regulation unit capable of changing light Intensity continu- 
ously. Therefore, It is possible to obtain a portable optical pulse generator which can generate Ideal femtosecond 
sollton pulses and which can vary the wavelength of the sollton pulses linearly within a broad band, through a 
simple operation of changing the light intensity. 

(3) Ideal femtosecond sollton pulses can be generated stably. Further, the wavelength of the optical pulses can 
be varied linearly within a broad band, through a simple operation of changing the Intensity of light Input to the 
optical fiber, without necessity of adjustment of the optical system as In the prior ait techniques. Moreover, since 
the overall apparatus Is very smaii. the apparatus is rendered portable. In addition, the apparatus is nearly main- 
tenance free. 

[0064] Conceivably, the apparatus and method for generating wavelength-tunable short optical pulses of the present 
invention can be applied to a measurement apparatus for measuring the frequency characteristics and wavelength 
dependency of optical devices for wavelength multiplex communications. 

[0065J Recently, with Increased emphasis on Information technology throughout society, an optical communication 
technique which can further increase the volume of transmission data has been demanded. In order to Increase the 
volume of transmission data, techniques for increasing the speed of optical communications and multiplexing the wave- 
lengths of light to be transmitted have been studied and developed. Under such circumstances, proper evaluation of 
characteristics of optical devices used In optical communication Is indispensable. Particularly, the frequency charac- 
teristics and wavelength dependencies of light-emitting elements, optical modulators, and llght-recelvlng elements are 
fundamental characteristics which detennine the characteristics of a system. However, due to an increase In operating 
speed and a broadened operation band, evaluation of characteristics has become difficult 
[00661 The present Invention enables evaluation of the wavelength dependency of an element over a wide band. 
Further, through measurement of a time response upon Input of a fenntosacond pulse, the frequency characteristic of 
an element can be determined. The Importance of these techniques Increases considerably with further Increases In 
speed and bandwidth of wavelength multiplex communications. 

[0067] IWoreover, the wavelength-tunable short-optlcal-pulse generation apparatus of the present Invention is com- 
pact and stable and can vary the wavelength of generated sollton pulses by changing the Intensity of Input light. Due 
to these advantages, the present invention is considered to be widely used in relation to high-speed spectroscopy and 
a high-speed light response technique in the fields of photochemistry and biology, as well as In the fields of high-speed 
optoelectronics and nonlinear optics. 

[0068] The present Invention Is not limited to the above-described embodiments. Numerous modifications and var- 
iations of the present invention are possible in light of the spirit of the present Invention, and they are not excluded 
from the scope of the present invention. 

[0069] The present invention provides the following advantageous effects. 

(A) When the optical fiber Is sufficiently long and the intensity of Input light Is sufficiently high, a new optical pulse 
is generated on the longer wavelength side with respect to the input pulse, due to stimulated Raman scattering. 
Due to sollton effect, which Is the interaction of self-phase modulation and wavelength dispersion, the new optical 
pulse gradually becomes an Ideal sollton pulse whose pulse and spectrum wavefonns assume a sech^ shape. As 
the sollton pulse propagates along the optical fiber, the center of the spectrum of the soliton pulse shifts toward 
the longer wavelength side, due to the Raman scattering effect (this effect Is called sollton self frequency shift). 
Since the degree of frequency shift changes depending on the length of the optical fiber and the Intensity of the 
Input optical pulse, the degree of frequency shift can be adjusted through changing the length of the optical fiber 
and the Intensity of the Input optical pulse. Particularly, the degree of frequency shift can be changed linearly 
through changing the Intensity of the input optical pulse. 

(B) A compact fiber laser capable of generating femtosecond pulses is used as a light source; and a nonlinear 
effect of a polarization-maintaining fiber Is utilized. Therefore, wavelength can be varied linearly through a simple 
operation otchanglngtheintenslty of pump light. Further, a compact, portable source for generating femtosecond 
pulses can be obtained. 
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(C) A compact fiber laser capable of generating stable femtosecond pulses Is used as a light source: and a polar- 
ization-maintaining optical fiber having a length ot a few tens to a few hundreds of meters and a small core cross 
section Is provided In combination with a light Intensity regulation unit capable of changing light Intensity continu- 
ously. Therefore, It Is possible to obtain a portable optical pulse generator which can generate Ideal femtosecond 

5 sollton pulses and which can vary the wavelength of the sollton pulses linearly within a broad band, through a 

simple operation of changing the light Intensity. 

(D) Ideal femtosecond sollton pulses can be generated stably. Further, the wavelength of the optical pulses can 
be varied linearly within a broad band, through a simple operation of changing the Intensity of light Input to the 
optical fiber, without necessity of adjustment of the optical system. Moreover, the entire apparatus can be made 

10 very small. In addition, the apparatus Is nearly maintenance free. 

(E) The wavelength of femtosecond sollton pulses can be varied within the range of 1560 to 1701 nm. Further, 
through optimization of the experimental system, the wavelength can be varied up to about 2000 nm. 

(F) When output light from the wavelength-tunable femtosecond sollton pulse generator Is passed through a non- 
linear crystal, short optical pulses of the second harmonic can be obtained. The wavelength of the short optical 

15 pulses can be varied ilnearty within the range of 780 to 1000 nm by changing the wavelength of the generated 
sollton pulses within the range of 1 550 to 2000 nm. 

(G) When an optical fiber Is excited by picosecond pulses according to the present Invention, precise wavelength 
tuning becomes possible, because the degree of shift In wavelength with change in Input light Intensity Is smaller 
than that in the case of femtosecond pulses. Such precise tuning of the wavelength of optical pulses Is useful in 

20 the case In which precise wavelength adjustment Is needed In applications such as spectroscopy and evaluation 
9f devices for wavelength multiplex optical communications. 

(H) When. In addition to Input pulses irom a laser, laser light having a different wavelength Is Input to an optical 
fiber, due to four-wave mixing in the optical fiber, a new optical pulse Is generated on the shorter wavelength side 
and the longer wavelength side. That Is, the new optical pulse is generated at a frequency equal to the difference 

25 between the frequency of the sollton pulse and that of the laser light, as well as at a frequency equal to the sum 
of the frequency of the sollton pulse and that of the laser light Optical pulses can be generated within the range 
of, for example. 1230 to 1550 nm through changing the wavelengths of the sollton pulse and the pump laser light. 
Further, use of antl-Stokes pulses generated on the shorter wavelength side enables generation of short optical 
pulses within a wide range. 

30 (I) Sollton pulses generated within an optical fiber can be amplified by use of an optical-fiber Raman amplification 
effect without broadening the pulse width. 

INDUSTRIAL APPLICABILiTY 

35 [00701 The apparatus and method for generating wavelength-tunable short optical pulses according to the present 
Invention can be widely used In relation to high-speed spectroscopy and a high-speed light response technique in the 
fields of photochemistry and biology, as well as In the fields of high-speed optoelectronics and nonlinear optics. 



40 Claims 

1 . An apparatus for generating wavelength-tunable short optical pulses, the apparatus characterized by comprising: 

(a) a short-optical-pulse source; 
45 (b) an optical characteristic regulation unit for regulating characteristics of light output from the short-optical- 

pulse source; and 

(c) an optical fiber for receiving Input pulses from the optical characteristic regulation unit and for changing 
the wavelength of output pulses linearly. 

50 2. An apparatus for generating wavelength-tunable short optical pulses according to claim 1 , wherein the optical 
characteristic regulation unit Is a light Intensity regulation unit. 

3. An apparatus for generating wavelength-tunable short optical pulses according to claim 1 , wherein the short-op- 
ticai-pulse source Is a femtosecond fiber laser. 

55 

4. An apparatus for generating wavelength-tunable short optical pulses according to claim 1 , wherein the short-op- 
tlcai-pulse source is a picosecond fiber laser. 
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5. An apparatus for generating wavelength-tunable short optical pulses according to dalm 1 , wherein the optical fiber 
Is a polarization-maintaining fiber. 

6. An apparatus for generating wavelength-tunable short optical pulses according to claim 1 , further comprising a 
nonlinear crystal connected to the optical fiber In order to generate short optical pulses of a different wavelength . 

7. An apparatus for generating wavelength-tunable short optical pulses according to claim 1 . further comprising four- 
wave mixing means for further converting the wavelength of generated optical pulses. 

8. An apparatus for generating wavelength-tunable short optical pulses according to claim 1 » further comprising an 
optical amplifier for amplifying optical pulses generated by the optical fiber 

9. An apparatus tor generating wavelength-tunable short optical pulses according to claim 1, wherein the output 
pulses are ideal sollton pulses. 

10. An apparatus for generating wavelength-tunable short optical pulses according to claim 2, further comprising 
means for electrically adjusting the light Intensity regulation unit In order to control the wavelength of generated 
optical pulses. 

11 . An apparatus for generating wavelength-tunable short optical pulses, the apparatus characterized by comprising: 

(a) a short-optical-pulse source; 

(b) a light Intensity regulation unit for regulating the intensity of light output from the short-optical-pulse source; 
and 

(c) an optical fiber for receiving Input pulses from the light intensity regulation unit and for changing the wave- 
length of output pulses linearly, wherein 

(d) the short-opticai-pulse source, the light Intensity regulation unit, and the optical fiber are assembled In the 
fonn of a portable apparatus. 

12. An apparatus for generating wavelength-tunable short optical pulses according to dalm 11, wherein the short- 
opticai-pulse source is a femtosecond fiber laser. 

13. An apparatus for generating wavelength-tunable short optical pulses according to dalm 11, wherein the short- 
optical-pulse source is a picosecond fiber laser. 

14. A method for generating wavelength-tunable short optical pulses, the method characterized by comprising: regu- 
lating the intensity of light from a short-optical-pulse source; and inputting short pulses into an optical fiber in order 
to generate output pulses having a linearly varied wavelength. 

15. A method for generating wavelength-tunable short optical pulses according to dalm U, wherein the wavelength 
of generated output pulses is changed through a change In the length of the optical fiber. 

16. A method for generating wavelength-tunable short optical pulses according to claim 14, wherein the output pulses 
are passed through a nonlinear crystal In order to generate short optical pulses of a different wavelength. 

17. A method for generating wavelength-tunable short optical pulses according to claim 14, wherein the wavelength 
of generated optical pulses Is further converted by means of four-wave mixing. 

18. A method for generating wavelength-tunable siiort optical pulses according to claim 14, wherein optica! pulses 
generated by the optical fiber are amplified by use of an optical anrpiifier. 

19. A method for generating wavelength-tunable short optical pulses according to claim 14, wherein Ideal sollton pulses 
are generated as the output pulses. 

20. A method for generating wavelength-tunable short optbal pulses according to dalm 1 4, wherein the light Intensity 
regulation unit Is adjusted electrically in order to control the wavelength of generated optical pulses. 

21 . A method for generating wavelength-tunable short optical pulses according to dalm 1 4. wherein the pulse width, 
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spectral width, and cxenter wavelength of the sollton pulses are varied through changing the wavefonn and spectral 
width of the Input pulses. 

22. A method for generating wavelength4unable short optical pulses according to claim U. wherein the wavelength 
and spectrum of the sollton pulses are varied through changing the direction of polarization of the Input pulses, 

23. A method for generating wavelength-tunable short optical pulses according to claim 14. wherein in addition to 
sollton pulses generated on the longer wavelength side, anti-Stokes pulses are generated on the shorter wave- 
length side as the output pulses. 
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